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not AD or HD) [12, 13] . This intriguing connection between disturbed mitochondrial quality control and neurodegeneration in PD has spurred research in this area more generally, and altered mitophagy is starting to become implicated in a number of neurodegenerative diseases other than PD, such as AD [14] , HD [15] [16] [17] and amyotrophic lateral sclerosis [18, 19] .
Mechanisms of PINK1/Parkin mitophagy
During oxidative phosphorylation, mitochondria shuttle electrons along a series of four protein complexes that form the electron transport chain located in the inner membrane. This process generates a proton gradient, and therefore, a voltage difference across the inner membrane. This membrane potential provides the energy to drive ATP synthase and generate ATP. Various mitochondrial insults, such as high ROS levels, mutations in mitochondrial genes, or chemical and environmental stress (e.g. respiratory chain inhibitors such as antimycin) can lead to a decrease in the mitochondrial membrane potential, impairing the ability of the electron transport chain to generate ATP. Such depolarisation signifies a dysfunctional mitochondrion and can trigger the mitophagy cascade [20] . Initially, the compromised membrane potential blocks mitochondrial import of the serine/threonine kinase PINK1, leading to its accumulation on the outer membrane (Fig. 1a) where it acts as a tag for damaged mitochondria [21] . In contrast, under physiological conditions, PINK1 cannot function as a tag, as it is continuously imported into mitochondria, where it is cleaved and degraded [22, 23] . However, when PINK1 accumulates, the kinase phosphorylates both basal ubiquitin on the outer membrane and the cytosolic ubiquitin ligase Parkin at serine 65 [24] [25] [26] . Phosphorylation of Parkin and its binding to phospho-ubiquitin constitute part of a multi-step activation process, whereby Parkin undergoes a conformational change, exposing its binding site for ubiquitin-conjugating enzymes [27, 28] . Parkin is thus both recruited onto mitochondria and activated. Activated Parkin then ubiquitinates a number of outer membrane proteins, including the voltage-dependent anion channel (VDAC) and the fusion proteins mitofusin (Mfn) 1 and 2. This action can be opposed by the deubiquitinase USP30, which is also located at the outer surface of mitochondria and there removes ubiquitin [29] . During mitophagy, however, the additional ubiquitin becomes available for phosphorylation by PINK1, thereby creating a positive feedback loop [30] [31] [32] . Importantly, these mitochondrial ubiquitin chains can interact with autophagy receptors, such as optineurin and nuclear dot protein 52 (NDP52), which recruit autophagosomal membranes around the mitochondria by binding to autophagosomal GABA A receptor-associated proteins (GABARAPs) [19, 33, 34] .
Finally, these mito-autophagosomes are trafficked to the lysosome for elimination.
Interestingly, there exists another PINK/Parkin-dependent pathway that, distinct from mitophagy, is involved in generating small mitochondria-derived vesicles. These are enriched for Syntaxin 17, allowing them to be targeted to lysosomes without requiring autophagy [35] [36] [37] . These vesicles form in response to mitochondrial stressors (e.g. antimycin) and contain oxidised proteins, but they are also generated under physiological conditions in cell lines [38] . Although such mitochondria-derived vesicles have not yet been described in neurons, their existence suggests an intriguing complement to mitophagy, which could improve the health of the mitochondrial network without eliminating mitochondria entirely.
Finally, a third pathway exists, as revealed in a recent study of Parkin-dependent degradation of mitochondria via the early-endosome system, in mouse embryonic fibroblasts that were unable to undergo autophagy due to the knock-out of autophagy-related proteins [39] . Instead, in response to depolarisation with the uncoupling agent FCCP, mitochondria became associated with Rab5-positive early endosomes, which then matured into Rab7-positive late endosomes, before fusing with lysosomes [39] . Again, whether this pathway is active in neurons still needs to be investigated.
PINK1/Parkin mitophagy in cultured neurons
Although the evidence regarding PINK1/Parkin mitophagy in cell lines is robust, there have been controversies about whether this pathway exists in neurons, and its physiological relevance also remains the subject of debate. Mitochondrial depolarisation induced with ionophores such as CCCP/ FCCP consistently results in Parkin relocalisation in cell lines, but early studies were unable to observe translocation of both endogenous and overexpressed Parkin in primary neurons or in neurons derived from induced pluripotent stem cells (iPSCs) [40, 41] . After failing to observe Parkin translocation in primary neurons, one of these studies then forced HeLa cells to rely on mitochondrial respiration rather than glycolysis, thereby mimicking the way in which neurons generate energy, which severely compromised the cells' ability to undergo Parkin translocation [40] . This suggested that differences in Parkin translocation between non-neuronal cell lines and neurons might be in part due to their different bioenergetic profiles [40] . However, subsequent studies revealed that cultured neurons are able to undergo Parkin translocation in response to a variety of stimuli, including ionophores, respiratory chain inhibitors, increases in ROS levels and glutamate excitotoxicity, or when modelling neurodegenerative disease [14, [42] [43] [44] [45] [46] [47] [48] . The observation of mitophagy in neurons is not trivial, however, as neurons are highly vulnerable to mitochondrial inhibitors, which cause cell death, and mitophagy occurs at a much lower frequency than in immortalised cells. For example, Cai et al. [44] found that incubating cortical neurons with CCCP could indeed lead to Parkin translocation; but only after at least 18 h, which is approximately 14-16 h longer than is required for most cells lines. Further, to induce Parkin translocation, the neurons had to be co-cultured with glia, and apoptosis inhibitors had to be added to the cultures. Interestingly, it was also reported that the antioxidant B27, a routine neuronal 
Mitophagy in cellular models of Alzheimer's disease
More recently, several studies have also examined neuronal mitophagy in the context of neurodegenerative diseases, including AD (Table 1) . AD is characterised by two protein abnormalities: extracellular aggregates of the amyloid-β peptide (Aβ), generated from cleavage of the membranebound amyloid precursor protein (APP), and intracellular neurofibrillary tangles consisting of aggregated tau protein.
In both cases, it is not only the aggregates themselves that are toxic but also their soluble precursors, such as oligomeric Aβ and hyperphosphorylated tau. Their formation can be modelled in cell culture and in vivo by overexpression of mutant forms of APP and tau found in families with neurodegenerative disease.
To investigate changes in mitophagy due to AD pathology, Ye et al. assessed Parkin levels in mitochondrial and cytosolic fractions from patient brains [14] . Mitochondrial Parkin was increased in patients compared to healthy controls, as was the autophagosome marker lipidated microtubule-associated protein 1A/1B-light chain 3 (LC3-II). Concurrently, cytosolic Parkin was depleted, consistent with an increased translocation of Parkin from this cellular compartment to mitochondria. Electron microscopy revealed increased numbers of defective mitochondria, consistent with other reports [49, 50] , suggesting that these abnormal mitochondria might initiate the mitophagy pathway. However, the cells appeared to be overloaded with mitochondrial damage, indicating that mitophagy was not effectively removing damaged mitochondria. Moreover, in mouse primary neurons expressing a mutant form of human APP, with increased Aβ production, Parkin was recruited to mitochondria over time in the absence of any additional stimuli, and direct application of Aβ oligomers to wildtype neurons mimicked this effect [14] . This observation was accompanied by a decreased mitochondrial membrane potential. Together, these findings identify Aβ as a promitophagic agent, which corresponds well with previous results regarding its mitochondrial toxicity, particularly the ability to depolarise mitochondria [51] [52] [53] [54] .
A study probing the mitochondrial effects of an aminoterminal fragment of tau, which was shown to be enriched in synaptosomes of AD patient brains, found that it caused mitochondrial fragmentation, Parkin translocation and mitophagy in cultured neurons [42, 55] . This was associated with synaptic loss and, eventually, cell death. Aminoterminal tau co-immunoprecipitated with both Parkin and ubiquitin-C-terminal hydrolase L1 (UCHL-1) in mitochondrial fractions from AD tissue [45] . The observation of this complex suggests that amino-terminal tau may recruit Parkin and UCHL-1 to induce mitophagy [42, 45] . Interestingly, full-length human tau (hTau) did not have these effects, illustrating the complexity of tauopathies, with tau having six isoforms, multiple cleavage products and many different post-translational modifications. In contrast, a second study, which examined the effect of full-length hTau on mitophagy, found that it actually impaired mitophagy, both in cultured neurons and in mice [56] . When hTau was expressed in vitro or virally targeted to the hippocampus in mice, the levels of mitochondrial proteins and DNA increased compared with controls [56] . The authors interpreted this accumulation as evidence of a mitophagy defect; however, the possibility of increased mitochondrial biogenesis was not ruled out. Tau was detected in the mitochondrial fractions from AAV-hTau mice and hTau-N2a cells and was shown to increase the mitochondrial membrane potential [56, 57] , which would render mitochondria more resistant to PINK1 accumulation and the initiation of mitophagy. However, it was previously demonstrated that hTau-SHSY5Y cells did not exhibit changes in mitochondrial mass, despite an increased mitochondrial membrane potential, indicating that mitophagy was unlikely to be inhibited [57] . Clearly, different tau species have different effects on mitophagy and more investigation is required to better understand this aspect of tau pathology.
Although Parkin translocation can be observed in cultured neurons in response to various stimuli, several issues remain to be addressed. All of the above studies relied on overexpression of human Parkin to visualise its translocation. However, neurons contain endogenous Parkin and it is more relevant to know to the extent to which this pool translocates onto mitochondria. Thus far, only a handful of studies have been able to detect endogenous Parkin translocation, using western blotting of mitochondrial fractions whereby spatial information is lost [42, 44, 45, 48] . Furthermore, it is unclear to what extent Parkin translocation proceeds to mitophagy. Immortalised cells have been shown to lose their entire mitochondrial pool, but for neurons, this would be fatal. To our knowledge, there is only one report of basal mitophagy occurring in cultured neurons in the absence of Parkin overexpression [29] . This study used the pH-sensitive fluorophore mKeima, which exhibits a shift in its excitation/emission spectrum when it enters an acidic compartment such as the lysosome [58] . Using mitochondrially targeted mKeima, which is resistant to lysosomal proteases, the authors elegantly revealed an accumulation of mitochondria in lysosomes in cultured hippocampal neurons over a number of days, in the absence of any insult. This finding suggests that there is indeed a physiological role for mitophagy in neurons, and this warrants further exploration. In summary, cultured neurons are clearly able to undergo PINK1/Parkin-mediated mitophagy. However, the role that this pathway plays under both physiological and pathological conditions and how relevant it is when Parkin is not overexpressed needs to be clarified; the main questions being whether neurons undergo PINK1/Parkin mitophagy in vivo and how and to what extent this pathway maintains cellular health.
Studies of neuronal mitophagy in Drosophila
Loss-of-function mutations in the genes encoding PINK1 and Parkin lead to PD, with an earlier disease onset than for sporadic cases [13, 59] . Following these discoveries, knockout (KO) models were generated to better understand the function of these proteins and to recapitulate aspects of the human disease. Studies in Drosophila have been seminal in building our current understanding of the role of PINK1/ Parkin in vivo [60] [61] [62] [63] [64] [65] [66] [67] . In this review, however, we will only focus on studies that have addressed whether these proteins are involved in mitochondrial turnover. Burman et al. investigated mitochondria in dopaminergic neurons obtained from Parkin KO flies and found that they displayed a reduced membrane potential and increased length [60] . These results are consistent with the idea that abrogating Parkin-dependent mitophagy leads to an accumulation of depolarised mitochondria, as they can no longer be eliminated, and that Parkin can inhibit the fusion of mitochondria via degradation of Mfn 1 and 2 [68, 69] . Importantly, overexpression of the autophagy protein Atg8 rescued the mitochondrial membrane potential and neuronal loss, suggesting that impaired mitophagy was indeed contributing to the defects seen in Parkin KO flies [60] . Two recent papers extended these data by carrying out detailed analyses of mitochondrial trafficking and morphology in vivo in motor neurons of PINK1 or Parkin KO flies [63, 66] . The PINK1 KO mitochondria showed a decreased membrane potential and flux (number of mitochondria transported per minute) in axons, without changes to mitochondrial numbers [63] . A hypothesis based on the current model of PINK/ Parkin mitophagy would predict greater numbers of mitochondria, as their elimination is compromised, but this was not observed. Moreover, KO of Parkin actually decreased the mitochondrial density in motor neuron axons, whereas the mitochondrial membrane potential, velocity and length remained unchanged [66] , again in contrast to the prediction. This lead the authors to suggest that there might be a quality control filter at the soma/axon interface, so that only healthy (and therefore fewer) mitochondria were let through. Importantly, this study also investigated mitophagy by assessing the colocalisation with mitochondria and Atg8 in the soma and axons. There was no evidence for basal, physiological mitophagy, and starvation, a known activator of autophagy, did not lead to mitophagy either. However, although starvation has been shown to induce general autophagy, it would be more relevant to expose the fly larvae to mitochondrialspecific stress (such as respiratory chain inhibition) and then assess mitophagy. When the same cell type (motor neurons) was examined in vitro, basal mitophagy could be detected, and was significantly reduced in Parkin KOs. This important study helps to underscore the notion that mitophagy is more common and more easily observed in vitro compared to in vivo for the same type of neuron. This is not surprising, given that cultured neurons are particularly vulnerable to stress. Further, basal mitochondrial elimination in fly brains is very low, with the half-life of some mitochondrial proteins exceeding 30 days, and non-mitochondrial proteins generally displaying a much faster turnover (mostly below 12 days) [67] . Additional considerations are the relatively short life span of flies and the neuronal cell type used in these studies, as dopaminergic neurons are more vulnerable to Parkin KO than, for example, cholinergic neurons [60] -in line with PINK1/Parkin mutations causing specific loss of dopaminergic substantia nigra neurons in PD only after decades.
Strong evidence for a role of both PINK1 and Parkin in mitochondrial turnover came from Vincow et al. [67] , who measured the half-lives of mitochondrial proteins in the heads of PINK1 and Parkin KO flies and compared them to those of wild-type flies. Mitochondrial protein halflives were significantly longer in Parkin KOs and there was a selective effect of Parkin on the prolonged turnover of respiratory chain proteins. Unexpectedly, PINK1 KO flies did not display shorter mitochondrial protein half-lives in general, but there was a specific reduction in the half-lives of respiratory chain proteins. This study indicated a role for PINK1 and Parkin in protein turnover separate from general mitophagy [67] .
Taken together, the above studies in Drosophila have highlighted that the roles of PINK1 and Parkin in neurons are very complex. They have provided in vivo evidence that these proteins are involved in the quality control and homeostasis of mitochondria, although the specifics of this involvement still need to be clarified. In many instances, the experimental observations have deviated from predictions based on the canonical PINK1/Parkin model. Mitophagy has also proven to be significantly more difficult to demonstrate in vivo than in vitro. Not unsurprisingly, given that dopaminergic neurons are specifically affected in PD, these cells appear more vulnerable to PINK1/Parkin loss. Such cell-type specific differences are an important consideration for any neuronal studies of this pathway, particularly as mammalian neuronal cultures are typically hippocampal or cortical. PINK1/Parkin mitophagy may be less relevant in these cells than in dopaminergic populations.
PINK/Parkin mitophagy in the mammalian nervous system
In humans, loss-of-function mutations in either PINK1 or Parkin can lead to PD. Therefore, it was surprising when the first PINK1 and Parkin KO mice were generated and did not recapitulate PD to any meaningful extent. The KO mice generally presented with mild phenotypes, no neuronal loss and few motor deficits, even at advanced ages [70] [71] [72] [73] [74] ; for a summary of the KO mice published, see [75] . Although these mice do not model PD, they do provide insight into the roles of PINK1 and Parkin in the nervous system. Mitochondria have been found to be dysregulated when either protein was absent, although not usually in the way that a straightforward interpretation of the canonical PINK1-Parkin pathway would predict. To illustrate, in the midbrain of Parkin KO mice, mass spectrometry revealed decreases, rather than increases, in mitochondrial proteins [76] . Striatal mitochondria have exhibited reduced respiratory capacity in multiple KO studies, consistent with the role of Parkin in maintaining healthy mitochondria [76, 77] . However, no accumulation of mitochondria was found in either Parkin or PINK1 KOs, despite the presence of respiratory defects, thereby highlighting the fact that the roles of these proteins are more complex than simply an elimination of damaged mitochondria [77, 78] . Of note, Parkin/PINK1 KO specifically in the midbrain of adult mice was shown to cause mitochondrial defects and dopaminergic neuron loss via increases in the zinc-finger protein Parkin interacting substrate (PARIS), which represses the transcription factor PGC-1α, leading to impaired mitochondrial biogenesis rather than altered mitophagy [79] [80] [81] .
Two interesting studies have specifically assessed aspects of PINK1/Parkin mitophagy, using a "two-hit" model for PD, whereby loss of Parkin (first "hit") is combined with enhanced mitochondrial stress (second "hit") [82, 83] . In both studies, a Parkin KO mouse strain was crossed with a second mouse model of mitochondrial dysfunction which was either a dopamine neuron-specific KO of the mitochondrial transcription factor A (TFAM) [82] or the mutator mouse, which expresses a proofreading-deficient polymerase γ (POLG), the mitochondrial replicase. The KO of TFAM on its own leads to mitochondrial DNA loss and respiratory chain deficiency [84] . When the TFAM KO was compared to the TFAM/Parkin double-KO, there was no change in the number of the abnormally enlarged mitochondria found in the TFAM KO at 2 months of age, when the abnormalities were already quite severe. This suggests that Parkin may not play a critical role in mitochondrial quality control under these circumstances, but a more detailed morphological and stereological analysis of the mitochondria could elucidate subtler effects. It is also possible that the mice were too young to observe the effect, since a Parkin KO is quite a mild insult and may take more time to be truly detrimental. However, at 8 months Parkin KO did not exacerbate the cell loss caused by TFAM KO alone either. When mCherry-Parkin was virally delivered to the midbrain of the TFAM KO mice, the authors were unable to observe Parkin translocation. This implies that, contrary to what had been predicted, Parkin translocation is not necessarily a response to the loss of mitochondrial DNA and a compromised respiratory chain function [82] . The trigger for PINK1 accumulation on the mitochondrial outer membrane (and subsequent Parkin recruitment) is a decrease in the membrane potential, which blocks mitochondrial protein import [22] . However, when the authors tested the mitochondrial import of the reporter protein mito-dsRed, it was unaffected. It is, therefore, reasonable to assume that the reason why Parkin translocation was not observed despite mitochondrial dysfunction is because the mitochondria were still able to maintain PINK1 import capabilities, preventing it from accumulating and initiating mitophagy. It appears that PINK1/Parkin-mediated mitophagy is a much more nuanced and specific quality control pathway than cell culture studies have suggested. How mice deal with impaired mitochondria in the absence of PINK1/Parkin mitophagy remains to be determined.
The second study to elucidate the role of Parkin in mitochondrial quality control in vivo used the mutator mouse, which accumulates mitochondrial DNA mutations [85] . Here, the double KO presented with dopamine neuron loss and motor impairment, whereas other brain regions were spared [83] . This suggests that a second "hit" is needed in Parkin KO mice to produce a PD phenotype. Further, the activity of mitochondrial complexes I and III was significantly reduced in the double KO mice. Importantly, the double KO mice had three times as much phospho-ubiquitin in the cortex than wild-type mice. Given that ubiquitin is phosphorylated by PINK1 to induce mitophagy, this provides evidence that the PINK1/Parkin mitophagy pathway is indeed activated in the brain [83] .
Beyond PINK1/Parkin: alternative pathways to mitophagy
The evaluation of disease models other than mitochondrialspecific insults has also provided important evidence for mitophagy as a quality control process in the mouse brain. A mouse model of human A53T α-synuclein found in familial PD revealed large mitochondrial inclusions in α-synucleinexpressing dopaminergic neurons, which colocalised with endogenous LC3 and ubiquitin [86] . A small percentage of these inclusions were decorated with the autophagy adaptor protein p62/SQSTM1, supporting the notion that they were indeed mito-autophagosomes. Interestingly, the appearance of mito-autophagosomes preceded other neuronal defects exhibited by these mice, such as dendritic degeneration and large axonal varicosities [86] , thereby placing a mitochondrial or mitophagy defect early in the aetiology of this model. To examine the role of PINK1 and Parkin in the formation of these mitochondrial inclusions, the A53T-mutant mice were crossed onto either a PINK1 or Parkin KO background [86] . Both crossings exacerbated the mitochondrial loss and led to an increase in the size and number of mito-autophagosomes. This is a fascinating observation, as it implies that PINK1 and Parkin are not required for the formation of mito-autophagosomes in this model. However, it also means that both proteins are involved in mitochondrial maintenance in the presence of A53T α-synuclein, given that the mitochondrial phenotype worsened in the absence of either protein [86] . It would have been interesting to determine whether endogenous Parkin colocalised to mitochondria in the A53T α-synuclein mouse to determine whether Parkin translocation was still involved (despite not being required) in the observed mitophagy. The outstanding question we are left with is, what is the mechanism of mitophagy in this model?
Parkin-independent mechanisms of mitophagy exist, although research in this area is still sparse. α-Synuclein interacts with the mitochondrial phospholipid cardiolipin [87] , which has been shown to act as a mitophagy signal in primary cortical neurons, cell lines, primary fibroblasts, and yeast [88] [89] [90] [91] . Cardiolipin normally resides in the inner mitochondrial membrane, but in response to CCCP and the PD toxins rotenone and 6-OHDA, it can relocate to the outer membrane. This externalisation enables direct binding of cardiolipin to LC3 and the initiation of mitophagy and is mediated by the inter-membrane space protein NDPK-D [91] (Fig. 1b) . Cardiolipin has also indirectly been shown to initiate mitophagy in mouse embryonic fibroblasts, since knockdown of tafazzin, which catalyses cardiolipin remodelling (a post-synthetic modification), resulted in mitophagy impairment [89] . Importantly, in neurons, cardiolipin-mediated mitophagy was observed in response to PD toxins, but this did not involve increased PINK1 levels or Parkin translocation. Further, cardiolipin externalisation was greater in primary neurons than in HeLa cells when treated with CCCP [88] . These data suggest the intriguing possibility that in neurons cardiolipin-mediated mitophagy may be more relevant than Parkin-dependent mitophagy. However, further research is needed to advance these findings, and in particular, to establish whether this pathway is also active in vivo.
Another mitophagy mechanism, which involves glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-mediated mitochondrial clearance, has recently been observed in HD models (Fig. 1c) , although more studies in other disease models are needed [16] . Previously described in oxidatively stressed cardiac cells, this pathway involves the association of GAPDH with mitochondria, and the targeting of these mitochondria to lysosomes by an as yet unknown mechanism [92] . The catalytic activity of GAPDH is not required for this process, but its phosphorylation by protein kinase C∂ was shown to be a positive regulator of mitochondrial association with lysosomes-like structures. The same research group studied mitochondrial GAPDH in cellular models and a mouse model of HD [16] . In both cells and mice with poly-glutamine expansions found in HD, mitochondria were impaired and increased amounts of GAPDH were found associated with mitochondria [16] . Despite this accumulation, there was no increased mitochondrial degradation, suggesting that there may be a downstream impairment of this pathway in these models. This idea is supported by the finding that overexpression of catalytically inactive GAPDH decreased mitochondrial content (indicating mitophagy), rescued some mitochondrial defects, and improved cell viability [16] . The study did not investigate whether there were any concurrent changes in the PINK1/Parkin pathway and it will be interesting to determine whether these pathways work together in neurons, or whether GAPDH-mediated mitophagy is independently activated.
Iron chelation was able to activate mitophagy independent of PINK1/Parkin in neuroblastoma and osteosarcoma cells, as well as primary human fibroblasts [93] . Iron loss strongly induced mitophagy in fibroblasts from a PD patient with mutant Parkin, highlighting a separate mitophagy pathway in these cells. The mechanism of mitophagy in this circumstance is still unknown, although the process may be regulated by Drp-1 [94] . However, it is not known if iron loss can lead to mitophagy in neurons; rather the opposite was recently reported in mice with neuronal iron deficiency (induced by conditional KO of transferrin receptor 1), wherein abnormal mitochondria accumulated, indicative of ineffective elimination by mitophagy [95] .
Together, these reports add greater complexity to mitochondrial quality control in neurons. Importantly, there is now clear evidence for mitophagy in the brain, and in neurons specifically [83, 86] . However, the role of the PINK1/ Parkin pathway in vivo remains to be clarified. Further, defunct mitochondria need not necessarily be dealt with fully in the cell that contains them, as mitochondria have been found to get expelled from retinal ganglion cell axons, and taken up by astrocytes for degradation [96] . Recently, it was discovered that mitochondria in axons treated with a very low dose of antimycin were releasing syntaphilin-positive vesicles, which were transported to the endo-lysosomal system [97] . Therefore, different cell types and stimuli could affect which mitophagy pathway is being engaged. Quality control mechanisms most likely work together to maintain mitochondrial and therefore cellular, health in the brain.
New mouse models to investigate mitophagy
One reason that in vivo studies of mitophagy in the mammalian brain are lacking is the limited availability of appropriate tools. Thus far, electron microscopy has been used successfully to visualise mitochondria in autophagosomes [15, 98] ; however, this method is both very time consuming and restricted by limited sampling of tissue. Other ways to detect mitophagy include co-immunostaining for mitochondria and autophagosomal markers, such as LC3 (e.g. [86] ). This is faster, requires less-specialised equipment and can still provide quantitative results. However, the associations between mitochondria and some of these markers are transient and can be difficult to detect. An improvement on co-labelling strategies has been the use of mitochondrially targeted pH-sensitive fluorophores, which take advantage of the low pH of the lysosome to determine the localisation of mitochondria to this compartment. These include the fluorophore mKeima and fusion of pH-sensitive GFP to pH-insensitive RFP [58, 99] . Recently, these fluorophores have been used to generate transgenic mice. For example, there is now the mito-mKeima ("mt-Keima") mouse available, which uses the pH-dependent excitation of mKeima to determine if mitochondria are in the cytosol (neutral pH, excitation at 458 nm) or in the lysosome (low pH, excitation at 561 nm) [100] . The resistance of mKeima to lysosomal proteases also extends the time window during which mitophagy can be captured. With this approach, the authors were able to compare basal mitophagy in a range of tissues and examine the effect of different experimental conditions (such as ageing and mutant Huntingtin expression) in vivo. Basal mitophagy was found to be relatively high in the dentate gyrus, lateral ventricle and Purkinje cells, but low in the striatum, cortex and substantia nigra, reflecting regional and cell-type differences [101] . It was also decreased in aged mice, adding age as an additional factor in the study of neuronal mitophagy. A serious limitation of this mouse model is that fresh tissue must be used to image mKeima, which restricts the possibility of co-staining with other markers (such as antibodies, which require tissue fixation) and complicates the identification of anatomical structures and neuronal populations. The mito-QC mouse, recently generated by McWilliams and et al., overcomes this limitation [102] . It uses a fusion of GFP to mCherry, targeted to the outer mitochondrial membrane. When mitochondria enter the lysosome, GFP fluorescence decreases due to its pH-sensitive nature, whereas mCherry fluorescence remains stable. GFP is also more amenable to lysosomal degradation, further eliminating its fluorescent signal. The advantages of this model are that the tissue can be fixed and the ratio of GFP to mCherry fluorescence offers a quantitative read-out of mitophagy [102, 103] . As the use of these mouse models widens and researchers start crossing them with other transgenic mice, our understanding of the role of mitophagy in the brain in physiological and pathological conditions will expand.
Conclusions and outlook
It is now evident that neurons are able to undergo mitophagy not only in vitro, but also in vivo. However, whereas the critical involvement of the PINK1/Parkin pathway in this process has been well established in culture systems and Drosophila, the situation in the mammalian brain is far more complex. Recent mouse models have allowed for the definitive observation of basal, physiological mitophagy in the healthy mouse brain and these findings will be extended as such models become more widely used. Similarly, altered mitophagy has been shown to be a feature of various neurodegenerative disease models, a field of research that is quickly gaining traction. However, the involvement of the PINK1/Parkin pathway in these instances has not yet been convincingly demonstrated, and more studies addressing this, and the role of alternative mitophagy pathways, are needed. Moving forward, new mouse models, which allow for better visualisation of mitophagy both ex vivo and in vivo, will be instrumental in advancing our understanding of the role of mitophagy in the brain.
